potassium channel; inactivation gating; KN-93; transient outward potassium current; calmodulin kinase II CALMODULIN (CaM) is a ubiquitous Ca 2ϩ -binding protein that plays an important role in the Ca 2ϩ -signaling pathways of eukaryotic cells (37, 48, 59) . Ca 2ϩ /CaM-dependent protein kinase II (Ca 2ϩ /CaMKII) is among the many kinases and phosphatases responsive to the Ca 2ϩ -bound CaM (Ca 2ϩ -CaM) (31a, 34, 49, 56, 64, 71) . Recent studies have implicated increased Ca 2ϩ /CaMKII activity in the pathophysiology of different types of heart disease, including ventricular arrhythmias (4, 5, 26, 36, 45, 46) . These data have shown that agents that lead to a decrease in Ca 2ϩ /CaMKII activity, such as W-7 and KN-93, are effective in different animal models of ventricular arrhythmias (4, 26, 36, 45, 46) . Despite their inhibition of a common final target, Ca 2ϩ /CaMKII, W-7, which inhibits Ca 2ϩ -CaM, could also modulate additional enzymes and/or ion channels (4, 37, 38, 48, 59, 75) . W-7 binds to CaM and blocks access to the activation site exposed when the Ca 2ϩ -binding sites in CaM are occupied (28, 56) , thereby blocking the Ca 2ϩ -CaM effects. KN-93 competitively inhibits Ca 2ϩ -CaM binding to Ca 2ϩ /CaMKII (5, 7, 31a) . Although prior studies examined the effects of W-7 and KN-93 on the native Ca 2ϩ and K ϩ currents in cardiac myocytes, the effects of these two agents on the gating and permeation properties of K v 4 channels have not been analyzed in detail (5, 19, 38, 42, 60, 69) .
One target of these drugs is the rapidly inactivating, voltagedependent K ϩ current (I to ) in cardiac myocytes, which is regulated by Ca 2ϩ -dependent kinases (5, 16, 17, 53, 67, 69) . Cardiac I to makes important contributions to the early and subsequent stages of repolarization in cardiac, especially atrial, myocytes (12, 16) . The consensus is that the K ϩ voltagedependent K v 4.2 and K v 4.3 channels serve as pore-forming molecular substrates for the native I to in cardiac myocytes (13, 22, 35, 52, 53, 77) . In addition, the effects of KN-93 on the A-type current in the central nervous system and smooth muscle of the gastrointestinal tract have been studied (1, 2, 11, 35, 39, 40) . Ca 2ϩ /CaMKII activation and inhibition have been shown to modulate A-type current in colonic and gastric myocytes and in cardiac myocytes (1, 2, 19, 39, 40) . Sergeant et al. (63) demonstrated that KN-93 and a constitutively active Ca 2ϩ / CaMKII modulated inactivation, recovery from inactivation, and the steady-state inactivation relation of the heterologously expressed K v 4.3 channel. However, although the role of CaM in modulation of the K v 4.3 channel is poorly understood, it is likely to be more complex, inasmuch as this ubiquitous Ca 2ϩ -binding protein modifies the function of numerous target enzymes (31a, 34, 37, 48, 49, 59, 71, 75) . One approach that has helped answer this question has been the use of small organic molecules, such as W-7, which serve as inhibitors of Ca 2ϩ -CaM activity (56) . Although W-7 has been shown to inhibit I to (4, 5, 26, 36, 38, 42, 46) , the underlying mechanism is not fully understood, as prior studies have not considered the possibility that W-7 might directly interact with K v 4.3 and cause openchannel block and use dependence. Therefore, elucidation of the mechanisms of the effects of W-7 on the K v 4.3 channel is highly desirable.
We set out to examine the effects of W-7 and KN-93 on the K v 4.3 channel. Our first goal was to establish the extent to which either or both agents affected the permeation and gating properties of the K v 4.3 channel. Second, we assessed the extent to which inhibition of Ca 2ϩ -CaM 
MATERIALS AND METHODS
RNA preparation and channel expression. WT cDNA of Kv4.3 (short form) was a gift of Dr. David McKinnon (State University of New York at Stony Brook), and its use has been previously described (73) . Synthetic mRNA was prepared using an mMESSAGE mMACHINE T7 kit (Ambion, Austin, TX). A Kv4.3 channel with mutated Ca 2ϩ /CaMKII consensus phosphorylation sites (S516A and S550A) in the COOH terminus (Kv4.3[S516A, S550A]) was prepared by PCR-based site-directed mutagenesis, as previously described (63) .
Xenopus laevis were handled in compliance with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All protocols were approved by the University at Buffalo, State University of New York Institutional Animal Care and Use Committee. Mature female X. laevis (Xenopus One, Ann Arbor, MI) were anesthetized by immersion in a solution of ethyl 3-aminobenzoate methane sulfonate salt (Sigma Aldrich; 1.5 g/l), and ovarian lobes were removed through a small incision in the abdominal wall, as previously described (20) . The lobes were placed in a collagenase-containing, Ca 2ϩ -free OR2 solution (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.4, and 1-2 mg/ml collagenase; type II, Sigma, St. Louis, MO) for removal of the follicular layer. The solution containing the oocytes was gently agitated for ϳ1.5 h, and collagenase activity was arrested by bovine albumin, as previously described (20) . Defolliculated oocytes (stage V-VI) were then injected with synthetic mRNA (up to 25 ng) using a microinjection system (Nanoject, Drummond Scientific, Broomall, PA) and incubated at 18°C for 24 -72 h in an antibiotic-containing Barth's solution [88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 10 mM HEPES, To evaluate the effects of W-7 and KN-93 in the presence of BAPTA, we used BAPTA-AM dissolved in 100% ethanol and diluted in ND-96 solution to yield a final BAPTA-AM dilution of 1:1,000 (vol/vol).
Electrophysiological techniques. Oocytes were voltage clamped using a two-microelectrode "bath-clamp" amplifier (model OC-750A, Warner Instruments, Hamden, CT), as described in detail elsewhere (20) . Microelectrodes were fabricated from 1.5-mm-OD borosilicate glass tubing (model TW150F-4, WPI) using a two-stage puller (model L/M-3 P-A, Adams & List, Great Neck, NY) filled with 3 M KCl; resistances were 0.6 -1.5 M⍀. During recordings, oocytes were continuously bathed in control ND-96 solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2, 1.8 mM CaCl2, and 10 mM HEPES, with pH adjusted to 7.4 with NaOH). Currents were recorded at room temperature (21-23°C) and filtered at 2.5 kHz.
Experimental protocols. To evaluate the effects of W-7 and KN-93 on heterologously expressed K v4.3 channels, we performed voltageclamp protocols before and after exposure to W-7 or KN-93 in ND-96 solution. Oocytes were superfused with 100 M BAPTA-AM for 30 min (58, 61, 65) or 500 M BAPTA-AM for 60 min. Thereafter, the cells were washed and incubated in ND-96 solution for 30 min. Voltage-clamp protocols were then implemented to obtain experimental data after washout of BAPTA-AM. Parallel experiments were performed in WT and double-mutant K v4.3 channels.
Data analysis. Digitized data were collected and analyzed using pCLAMP software (Axon Instruments) and stored in a computer. Unless otherwise stated, neither leakage nor capacitance was subtracted from the raw data traces from the two-microelectrode voltageclamp recordings. The pulse protocols and the equations that best fit the data are presented in each case. Values are means Ϯ SE. Confidence levels were calculated using Student's t-test.
RESULTS

Effects of W-7 and KN-93 on peak K v 4.3 current.
We established a dose-response relation from an analysis of changes in peak current at ϩ50 mV during exposure to different concentrations of W-7 ( Fig. 1) . W-7 at Ͼ100 M produced oocytes with a large leak conductance, rendering them unsuitable for use in lengthy experiments. The dose-response relation was fit to the following function:
n ], where D is W-7 concentration. The optimal fit yielded an IC 50 of 92.4 M and a power coefficient (n) of 3.5 (Fig. 1B) . The effects of 85 M W-7 on peak current-voltage relations of K v 4.3 channels expressed in Xenopus oocytes were determined by comparison of the control data with the data in the presence of W-7 (Fig. 2) . W-7 reduced the magnitude of peak K v 4.3 current (I Kv4.3 ) and accelerated inactivation during the depolarizing pulses (Fig. 2, A-C ). The peak current at ϩ50 mV was reduced to 55.5 Ϯ 4.3% of the control value at 85 M W-7 (n ϭ 7). In a separate set of experiments, we determined that the effects of W-7 on peak current were largely reversible (Fig.  3) . W-7 at 85 M decreased peak current to 54.2 Ϯ 4.4% of the control value; peak current returned to 92.4 Ϯ 0.5% of the control value at the end of a 30-min washout.
To ascertain whether the reduction in peak current was consistent with open-channel block, we examined the voltage dependence of block of peak current and calculated the fractional electrical distance of open-channel block (74, 76) as determined from the slope of the normalized current reductionvoltage relation. A nonzero value reflects the movement of a charged blocking compound in the permeation pathway and places W-7 at a binding site in the transmembrane electrical field. The fractional block of peak currents in the presence of W-7 plotted against test potential in Fig. 2D shows a relation with typical voltage dependence (74) . The fraction of the electrical field (␦) sensed by W-7 during a pulse train is 0.18 Ϯ 0.05 (n ϭ 7; Fig. 2D ). These data are consistent with openchannel block and the ␦ value that closely approximates the values reported for quinidine block of K v 1.4 and K v 1.5 channels (67, 69, 74) , which suggests that W-7 interacts directly with the K v 4.3 channel through the binding site on the cytoplasmic side of the pore region.
Although the effects of KN-93 on the K v 4.3 channel were reported to modify kinetics of inactivation and recovery (19, 63) , these studies did not address whether some of the effects of KN-93 on peak current were also due to open-channel block, i.e., were voltage dependent. KN-93 at 35, 50, and 100 M reduced peak current at ϩ50 mV by 4.9 Ϯ 3.5%, 14.4 Ϯ 5.9%, and 30.3 Ϯ 3.5%, respectively (Fig. 4) . However, there was no evidence for voltage-dependent block, as the calculated value of ␦ was close to 0 for each of the three concentrations of KN-93. Hence, although KN-93 decreased the peak current, this effect cannot be attributed to open-channel block on the cytoplasmic side of the channel. KN-92, the inactive congener of KN-93, at 100 M was used as a control and had no effect on the peak current-voltage relation (data not shown).
Use dependence. The differences in voltage-dependent block with W-7 and KN-93 predicted that we would see use-dependent block during exposure to W-7, but not KN-93. Therefore, we examined the effects of W-7 and KN-93 on the K v 4.3 channel after the onset of a pulse train consisting of 8-ms depolarizing pulses to ϩ50 mV at 2 Hz (Fig. 5) . We selected an 8-ms pulse to minimize inactivation during the pulse and concentrations of W-7 and KN-93 that produced a clear-cut reduction in peak current (Figs. 1 and 4 ). As shown in Fig. 5A , after onset of a 2-Hz pulse train, the normalized currents showed nominal use-dependent block under control conditions. However, exposure to W-7 caused a progressive reduction in magnitude of the peak current until a new steady-state value was reached, and the magnitude of the reduction in the peak current under steady-state conditions was much greater than under control conditions. In contrast, 100 M KN-93 did not progressively reduce the normalized peak currents after the first pulse, reflecting the absence of use dependence ( Steady-state inactivation. Next, we examined the effects of W-7 on steady-state inactivation (Fig. 6A ). Steady-state inactivation relations were determined using a 2,000-ms first pulse (P1) followed by a second pulse (P2) to ϩ50 mV. The values were as follows: half-maximal potential, V 1/2 ϭ Ϫ46.2 Ϯ 1.1 and slope factor k ϭ 6.0 Ϯ 0.3 mV in the presence of 85 M W-7 and V 1/2 ϭ Ϫ42.8 Ϯ 3.2 and k ϭ 5.5 Ϯ 0.5 mV (n ϭ 6) for control ( In contrast to W-7, 35 and 100 M KN-93 had no effect on the steady-state inactivation relation. There was a 3.4-mV hyperpolarizing shift in V 1/2 after exposure to W-7; however, there was no shift in V 1/2 after exposure to KN-93. If the modest hyperpolarizing shift in steady-state inactivation in the presence of W-7 was mediated by a decrease in Ca 2ϩ /CaMKII activity, then one would expect the same degree of shift in V 1/2 in the presence of W-7 and KN-93. However, since we observed the shift in V 1/2 only in the presence of W-7, we conclude that the hyperpolarizing shift resulted from openchannel blockade superimposed on the inactivation induced by P1 during the pulse protocols. Similar shifts in the steady-state inactivation relation have been reported for open-channel blockers of Na ϩ channels (8, 29, 30, 31, 66) . KN-92 had no effect on the steady-state inactivation relation (data not shown).
Open-state inactivation kinetics. Agents that directly decrease the activity of Ca 2ϩ /CaMKII have been shown to accelerate inactivation kinetics of heterologously expressed K v 4.3 channels (19, 63) . W-7 inhibits Ca 2ϩ -CaM effects, which in turn decrease the activity of Ca 2ϩ /CaMKII as well as other kinases and phosphatases. Therefore, the effects of W-7 on inactivation kinetics might reflect its influence on these other kinases and phosphatases and, therefore, could differ from the effects of KN-93. Using a 2,000-ms depolarizing pulse, as previously described (72), we examined the effects of W-7 on the kinetics of open-state inactivation. W-7 at 50 M accelerated the kinetics of each of the three components of inactivation during a 2,000-ms pulse (Fig. 7A) . The effects of W-7 on open-state inactivation were concentration dependent ( Table 1 ). The time constants of the fast ( 1 ), intermediate ( 2 ), and slow ( 3 ) components of inactivation decreased dramatically by 2.6-, 3.1-, and 4.8-fold, respectively, at the highest concentration of W-7 ( Table 1) . As expected, 100 M KN-93 also accelerated all three components of inactivation (Fig. 7B ) (19, 63) . Although the effects of KN-93 on all three components of open-state inactivation were similar to those of W-7, the effects of both agents might not result from a selective reduction in Ca 2ϩ /CaMKII activity in Xenopus oocytes (19, 63) (see below).
Since we established that the effects of W-7 on peak current were largely reversible, we also performed a separate set of experiments to determine whether the effects of W-7 on K v 4.3 channel open-state inactivation kinetics were also reversible. We used a 1,000-ms depolarization pulse, which only results in a biexponential inactivation time course (72) . During exposure to 85 M W-7, 1 and 2 decreased from 47.1 Ϯ 2.7 and 322.4 Ϯ 27.1 ms to 24.8 Ϯ 4.2 and 123.8 Ϯ 7.0 ms, respectively. These time constants returned to 40.5 Ϯ 2.9 and 249.0 Ϯ 12.8 ms at the end of a 30-min wash, which were 85.9% and 77.3% of the control values for 1 and 2 . The degree of reversibility in values of inactivation kinetics and peak current after 30 min was similar. 
Closed-state inactivation kinetics.
In addition to open-state inactivation, K v 4.3 channels can inactivate from the closed state at potentials reported for myocardial cells during acute myocardial ischemia (18) . Using previously described protocols (72), we examined the effects of W-7 on the kinetics of closed-state inactivation (Fig. 8) . The kinetics of closed-state inactivation were evaluated using subthreshold depolarizing pulses (9, 10, 72) . These protocols consisted of four pulses: P1 from Ϫ100 to ϩ40 mV (800 ms); P2 to Ϫ100 mV (5 s); P3 to variable voltages and durations (from Ϫ80 to Ϫ40 mV and from 800 ms to 14.4 s); and P4 to ϩ40 mV (800 ms), followed by a return to a holding potential of Ϫ100 mV. The magnitude of peak current during P4 represents the degree of inactivation that developed during P3. Closed-state inactivation was monoexponential and accelerated by 85 M W-7 at Ϫ60 to Ϫ40 mV (Fig. 8) . At Ϫ60 mV, W-7 decreased the time constant of inactivation by 59.2%.
Recovery from open-state inactivation. Our data suggest that the changes in I Kv4.3 during exposure to W-7 are due to the simultaneous effect of open-channel block and possible inhibition of Ca 2ϩ /CaMKII activity and that KN-93 acts solely through inhibition of Ca 2ϩ /CaMKII activity. To further validate this interpretation, we examined recovery from inactivation in the absence and presence of W-7 ( Fig. 9 ) and KN-93, since KN-93 was shown to prolong recovery from inactivation (63) . Our data suggested that the association kinetics of W-7 were fast. Hence, for P2, we selected a 10-ms pulse to minimize association of W-7 during P2 in the recovery protocol.
Under control conditions, recovery from inactivation was monoexponential, with time constant, rec ϭ 294 Ϯ 34 ms. Interestingly, 75 M W-7 changed recovery kinetics, which were best described by two components ( rec1 ϭ 399 Ϯ 44 ms and rec2 ϭ 8,110 Ϯ 505 ms). The time constant of the first component was increased by 35 .7% compared with control values (Fig. 9) . The appearance of a second extremely slow component of recovery from inactivation confirmed the presence of open-channel block, representing dissociation of W-7 from the inner channel pore. The y-axis intercept value for the second component is 0.21 Ϯ 0.05, which corresponds to the degree of open-channel block during P1 (Fig. 1 ). In the presence of 100 M KN-93, recovery from inactivation remained monoexponential and rec increased by 22.5% from Fig. 6 . Effects of W-7 and KN-93 on steady-state inactivation. Steady-state inactivation was determined using a 2-pulse protocol. A 2,000-ms pulse between Ϫ120 and ϩ50 mV (P1) was followed by a pulse to ϩ50 mV (P2). W-7 at 85 M caused a 3.4-mV hyperpolarizing shift in half-maximal potential (V1/2), while there is no change in steady-state inactivation relations in the presence of 100 M KN-93. 338 Ϯ 42 to 414 Ϯ 45 ms (P Ͻ 0.03, paired t-test). We suggest that the slowing of the first component of recovery in the presence of W-7 reflects a decrease in CaMKII activity, inasmuch as rec1 in the presence of W-7 is similar to rec in the presence of KN-93 (63). KN-92 had no effect on recovery from inactivation (data not shown).
To exclude the possibility of association of W-7 with the K v 4.3 channel in the inactive state, we examined the amplitude of the second component of recovery from inactivation as a function of pulse duration. We utilized a standard recovery protocol for determination of recovery kinetics, except for changes in P1 duration. Pulses (P1) of 10, 67, and 2,000 ms to ϩ50 mV were applied in the presence of 35 M W-7. Our data indicate that the amplitude of the second component of recovery from inactivation was independent of pulse duration. The amplitude of the second component of recovery was 7.93 Ϯ 0.92% at 10 ms, 7.88 Ϯ 1.04% at 67 ms, and 6.78 Ϯ 0.86% at 2,000 ms. These data indicate that there is no significant association of W-7 with the K v 4.3 channel during the inactive state.
Interventions ] i , we evaluated the effects of W-7 and KN-93 on K v 4.3 channels in oocytes after washout of 500 M BAPTA-AM (see MATERIALS AND METH-ODS). These experiments showed that 1 decreased by 9.8 Ϯ 3.2%, 2 by 16.3 Ϯ 5.3%, and 3 by 0.3 Ϯ 4.6% after washout of 500 M BAPTA-AM (Fig. 10, Table 2 ). To establish whether these changes were mediated by a decrease in Ca (63) . In contrast to the WT channel, inactivation kinetics were unchanged in the mutated channel after washout of 500 M BAPTA-AM (Fig. 10, Table 2 ). These data suggest that BAPTA decreased inactivation time constants through a partial decrease in Ca 2ϩ /CaMKII activity. The selectivity of KN-93 for CaMKII has been reported to be concentration dependent, which suggests that its effects on WT and K v 4.3[S516A, S550A] channels should also be concentration dependent (19, 63 Table 2 ). KN-93 at 35 M decreased 1 , 2 , and 3 of WT channels by 7.2 Ϯ 1.3%, 8.5 Ϯ 1.5%, and 13.9 Ϯ 3.5%, respectively. Even at 50 M KN-93, the decrease in K v 4.3 channel inactivation time constants was much greater in WT than in mutant channels (Fig.  11, Table 2 ). On the basis of the changes in K v 4.3 channel inactivation kinetics, we conclude that 35 M KN-93 selectively inhibited Ca 2ϩ /CaMKII activity, while additional effects at 50 M were mediated by other enzymes. We examined these effects at test potentials of ϩ20 and ϩ50 mV and found that the data were voltage insensitive.
To determine whether the effects of W-7 were also a result of a selective decrease in Ca 2ϩ /CaMKII activity, we compared the effects of 15, 25, and 50 M W-7 on WT and mutant channels after pretreatment with 500 M BAPTA. Exposure to 15, 25, and 50 M W-7 resulted in a significant acceleration of all three components of inactivation in WT channels (Figs. 10 and 12, Table 3 ). W-7 at 50 M decreased 1 by 39.3 Ϯ 8.8%, 2 by 52.0 Ϯ 5.9%, and 3 by 62.3 Ϯ 5.5% (Fig. 12, Table 3 ). Voltageclamp protocol consisted of 4 pulses (HP ϭ Ϫ100 mV): P1 (ϩ40 mV, 800-ms duration), P2 (Ϫ100 mV, 5,000-ms duration), P3 (Ϫ80 to Ϫ40 mV, 800-to 14,400-ms duration), and P4 (ϩ40 mV, 800-ms duration). Normalized current is plotted as a function of pulse duration at different test potentials during P3 (in mV): Ϫ60 (circles), Ϫ50 (squares), Ϫ40 (diamonds). Filled symbols are control data, and open symbols are W-7 (85 M) data; 9 cells were used in each experiment. Fig. 9 . Recovery of Kv4.3 channel from inactivation. Normalized peak current IKv4.3 is plotted as a function of interpulse interval in the absence and presence of W-7. Standard 2-pulse protocol was used to determine recovery from inactivation. An 800-ms P1 to ϩ50 mV (HP ϭ Ϫ90 mV) was followed by a 10-ms P2 to ϩ50 mV. Interval between P1 and P2 was allowed to vary between 0 and 20 s. Recovery kinetics were best fit by a monoexponential function under control conditions (rec ϭ 294 Ϯ 34 ms). With W-7, recovery from inactivation was best described by a biexponential function. The first component was 399 Ϯ 44 ms, and the second was 8,110 Ϯ 505 ms. W-7 at 75 M caused the appearance of a second component of recovery. Intercept value with y-axis was 0.21 Ϯ 0.05 (n ϭ 4).
However, there was no significant difference in inactivation kinetics between WT and mutant channels at any concentration tested. In sum, the W-7-induced changes in inactivation kinetics are inconsistent with selective decrease of Ca 2ϩ /CaMKII activity.
A selective decrease in Ca 2ϩ /CaMKII activity results not only in an acceleration of open-state inactivation kinetics, but also in a slowing of recovery from inactivation (63) . As a result, one would predict that this effect on recovery kinetics in the BAPTA-pretreated oocytes would occur in the WT, but not the mutated, K v 4.3 channel. Indeed, the time constant of recovery after washout of BAPTA-AM increased by 23.7 Ϯ 5.7% and 3.6 Ϯ 6.4% in the WT and mutant channels, respectively (Fig. 13, Table 4 ). We also predict that the effects of W-7 on the first component of recovery kinetics would occur after pretreatment with BAPTA-AM. Hence, we examined the effects of W-7 on the kinetics of inactivation recovery in the WT channel to determine whether these effects were concentration dependent and whether there was a comparable effect in the mutated K v 4.3 channel (Fig. 13, Table 4 ). Recovery kinetics in the WT channel were selectively slowed at 15 M W-7. In the mutant channel, W-7 had no or little effect on the first component of recovery kinetics (Fig. 13, Table 4 ). There were significant differences in the recovery kinetics of WT and mutant channels at all W-7 concentrations tested when the percent changes of the corresponding time constants of recovery were compared (Table 4 ). These differences between the effects of W-7 on recovery kinetics in WT and mutant channels suggest that the selective effects of W-7 on recovery result from a reduction in Ca 2ϩ /CaMKII activity.
DISCUSSION
Attention has been drawn to the importance of increased Ca 2ϩ /CaMKII activity in the pathophysiology of different types of heart disease, including ventricular arrhythmias (2, 4, 23, 36, 45, 46) . W-7, a commonly used inhibitor of Ca 2ϩ -CaM, has been reported to suppress ventricular arrhythmias in animal models (4, 26, 36, 45, 46) . To gain an understanding of the mechanisms underlying the effects of W-7, we examined the effects of W-7 and KN-93 on the K v 4.3 voltage-gated K ϩ channel, which plays an important role in cardiac repolarization in atria and ventricles (13, 16, 53) .
The goal of our study was to examine the effects of W-7 on the permeation and gating properties of heterologously expressed K v 4. We have demonstrated that W-7 and KN-93 reduced peak current of heterologously expressed K v 4.3 channels in Xenopus oocytes. Although both compounds reduced the peak current, only W-7 caused voltage-and concentration-dependent block. The power coefficient of 3.5 ( Fig. 1) represents pore block and inhibition of Ca 2ϩ -CaM (63, 77) . The voltage-dependent effects of W-7, but not KN-93, on peak I Kv4.3 , the hyperpolarizing shift in steady-state inactivation relation, and the use dependence demonstrate that only W-7 fulfills the criteria for open-channel block resulting from binding of W-7 to residues in the cytoplasmic portion of S6, which faces the channel pore (8, 66, 74, 76, 77) .
Analysis of recovery from inactivation in the presence of W-7 provides additional evidence for the presence of openchannel block. In the presence of KN-93, recovery was demonstrated to be a monoexponential process, with a slowing of Control values were obtained in ND-96 solution before exposure to BAPTA-AM. In group A, statistical significance was determined by comparison of data before and after BAPTA-AM washout. In groups B and C, statistical significance was determined by comparison of data after BAPTA-AM washout with data during exposure to KN-93: *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001; §not significant. Inactivation kinetics were determined at a test potential of ϩ20 mV.
recovery kinetics comparable to that previously described (39) . However, recovery from inactivation in the presence of 75 M W-7 yielded a distinct biexponential time course. The first component is attributable to recovery of unblocked channels and the second component to the slow dissociation of W-7 from the channel pore. The intercept value of the second component, 0.21, corresponds to a 21% decrease in I Kv4.3 from open-channel block. Thus the decrease in I Kv4.3 in the presence of W-7 is consistent with open-channel block. The unresolved question is whether the very slow recovery kinetics of W-7 reflect unrestricted dissociation of the drug from its binding site or trapping of W-7 in the pore region on the cytoplasmic side of the channel. If the latter is true, trapping can result in retention of the drug in the inner pore region and preclude accurate determination of the dissociation rate of W-7 from its binding site (6, 30) .
W /CaMKII (32, 41, 47, 48, 51) . Ca 2ϩ -CaM binds to the regulatory domain of Ca 2ϩ / CaMKII and induces a conformational change that releases the catalytic domain from autoinhibition (31a, 44, 64). W-7 binds to Ca 2ϩ -CaM, preventing the activation of its target enzymes (28, 54, 56) . To further resolve the mechanism of action of W-7, we compared its effects with those produced by KN-93, an inhibitor of Ca 2ϩ /CaMKII, with little or no effect on other protein kinases, such as PKA and PKC (68) , in WT and mutant K v 4.3 channels. In addition, we also used KN-92, a congener of KN-93 that lacks Ca 2ϩ /CaMKII inhibitory activity, as an experimental control (70, 71) .
Changes in intracellular Ca 2ϩ levels have also been shown to affect the properties of ion channels through a direct effect Values are means Ϯ SE (n ϭ 8). Statistical significance was determined by comparison of data after BAPTA-AM washout with data during exposure to W-7: *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001. Inactivation kinetics were determined at a test potential ϩ20 mV. on CaM bound to a putative binding site, e.g., the IQ motif, in an ion channel and through activation of Ca 2ϩ /CaMKII or other Ca 2ϩ -sensitive kinases, resulting in phosphorylation of specific residues (serine/threonine) within the NH 2 and COOH termini of the channel (31a, 23, 43 (63) . Although our data are consistent with the view that the K v 4.3 channel is phosphorylated under resting conditions (19) , the effects of 500 M BAPTA-AM on gating kinetics could have been mediated also via other Ca 2ϩ -sensitive kinases, such as PKC. In this situation, one would expect that 500 M BAPTA-AM would also have had significant effects on the inactivation kinetics of the mutant channel, which was not the case.
We observed a large change in K v 4.3 channel inactivation kinetics at 100 M KN-93. However, the concentration employed and the magnitude of decrease were much greater than reported by others (19, 63) , raising concerns about the selectivity of 4 .3 channel serves as the molecular basis of I to in humans and most other mammals, both agents would be predicted to decrease the contribution of I to to repolarization in the atria and ventricles. Simulations of different ionic currents in ventricular action potentials with use of in silico models have established that a reduction in I to has its primary effects on the early part of repolarization, namely, the speed of phase 1, the magnitude of the notch, and the voltage level of phase 2 (21, 27, 55, 57) . The accuracy of these model predictions for all myocytes in the ventricle is based on the assumption that the channels incorporated in these models are representative of uniform channel density in the myocardium, which we know is not the case, since heterogeneity of channel expression has been widely described (13, 14, 25, 53) . The different modeling studies have also shown that the effects of a reduction in I to or I Kv4.3 on simulated action potentials depend on the magnitude of the other repolarizing currents, which vary widely between different animal species (12, 27) . In the atria, where heterogeneity of repolarizing currents is even more marked, two sets of simulations have shown that a reduction in I to can lead to a lengthening of action potential duration (14, 21, 55) . Experimental data support these conclusions. For example, Kirchhof et al. (36) showed that W-7 and KN-93 prolonged action potential duration in mouse ventricle, where I to is dominant, but the In general, inhibition of I to leads to an increase in APD, which in turn increases Ca 2ϩ influx into the cell and Ca 2ϩ -induced Ca 2ϩ release, thereby affecting excitation-contraction coupling (62) . The increase in action potential duration may also terminate reentrant arrhythmias. Inhibition of CaMKII should decrease I to and L-type Ca 2ϩ current and, thereby, reduce Ca 2ϩ entry into the cell (3). Since Ca 2ϩ overload leads to cardiac arrhythmias, KN-93 and W-7 have the potential to be better antiarrhythmic drugs than other class III antiarrhythmic drugs. In addition to the antiarrhythmic effects, alterations in I to resulting from a decrease in peak current and/or an acceleration of inactivation can lead to significant depolarizing shifts in notch potential and phase 2 of repolarization (45, 62) . The loss of the notch and depolarizing shift in the plateau has been shown to cause desynchronization of Ca 2ϩ sparks, prolongation and reduction in L-type Ca 2ϩ current, and intracellular Ca 2ϩ transients (62) . We showed that W-7 caused a marked acceleration of closed-state inactivation of I Kv4.3 . If this acceleration occurs in native channels, it would cause I to to be inactivated and, therefore, unavailable for opening at resting potentials more positive than those normally encountered in atrial and ventricular myocytes. Our observation is relevant to understanding electrophysiological experiments performed in isolated cardiac myocytes, where the use of holding potentials positive to approximately Ϫ65 mV fall in a range where a change in the kinetics of closed-state inactivation could result in effects that are attributed to open-state inactivation. Of more profound significance is the rapid efflux of K ϩ during acute myocardial ischemia, which results in depolarization of the resting membrane potential to a range where closed-state inactivation occurs (18) . Failure to routinely evaluate closed-state inactivation in the K v 4.3 channel and I to under different experimental conditions could result in failure to detect a change in the magnitude and kinetics of closed-state inactivation. Hence, the acceleration of closed-state inactivation would lead to a reduction of I to that might mistakenly be attributed to other factors such as CaMKII-mediated effects on K ϩ channel subunit gene expression.
